Due to their extreme sensitivity to refractive index changes, surface plasmon resonance (SPR) sensors have long been established as extremely valuable tools for biosensing. In the past few years researchers have begun investigating various other metallic nanostructures as candidates for localized SPR (LSPR) sensing. Although LSPR is not nearly as sensitive to bulk refractive index changes as standard SPR, is has the advantage of being extremely sensitive to local refractive index changes, thereby providing detection on the level of a single molecule. In practice such sensitivity criterion is of paramount importance since the analyte layer under investigation is often only a few nanometers thick and deposited directly on the surface of the metal. Most desirable, however, is a sensor that retains the total integrated sensitivity of a traditional SPR sensor and at the same time localizes this sensitivity right at the sensor surface. For this reason, we have investigated a hybrid structure composed of a 2D Au nanoparticle array coupled to a Au film. We show that this structure, when excited in the Kretschmann configuration, retains to a surprising degree the total integrated sensitivity of an ideal SPR sensor and is able to concentrate that sensitivity within a few nanometers of the sensor surface, thereby yielding a hybrid sensor with the advantages of both LSPR and SPR sensing, i.e. both a high local sensitivity and a high figure of merit (FOM).
INTRODUCTION
In recent years, an explosion of research has been seen in the field of plasmonics. The properties of many nanoscale metallic structures have, for example, been extensively explored for use as integrated optical circuits [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , solar energy harvesters [16] [17] [18] [19] [20] [21] , and as a cure for cancer [22] [23] [24] [25] . The backbone to the use of metallic nanostructures for such applications is the resonant excitation of surface plasmon polariton (SPP) waves at a metal dielectric interface. Over a decade ago already, the excitation of freely propagating SPP waves via total internal reflection at the top surface of a thin metal film on a glass substrate proved as a very effective means to optically detect minute concentrations of biological analyte 26 . This is due to the extreme shifts in the excitation wavelength of the SPP wave induced by changes in the refractive index on the top surface of the metal film. In addition to its simplicity, this configuration boasts an extremely high figure of merit (FOM) and is sensitive to refractive index changes hundreds of nanometers above the metal film. Consequently, this device is not so sensitive to local refractive index changes directly on top of the metal film surface. To this end, great research efforts have been made in designing surface plasmon biosensors, specifically localized surface plasmon resonance (LSPR) biosensors [27] [28] [29] [30] [31] [32] [33] that detect refractive index changes with an extremely high sensitivity directly at the metal surface due to highly localized optical fields in the direct vicinity of the metallic structure. Still, in terms of a FOM defined via bulk refractive index change, ie. the total sensitivity integrated from the sensor surface into the bulk of the medium, no LSPR sensor compares to a conventional SPR sensor 34, 35 . In this work we combine LSPR sensor components together with SPR sensor components, thereby obtaining a hybrid SPR sensor that preserves, as much as is possible, the total integrated sensitivity of a conventional SPR sensor, but with the added high surface sensitivity of an LSPR sensor.
The outline of this paper is as follows. In sections 2 we present the sensor geometry and simulation method; in section 3 results of numerical simulations; in section 4 the fabrication process, and finally we conclude in section 6.
SENSOR GEOMETRY AND SIMULATION METHOD
The proposed geometry consists of a 200x200nm period array of Au nanodots spaced approximately s=20nm from the surface of a t=50nm thick Au film on top of a SiO 2 (n SiO2 =1.46) substrate. A single unit cell of the structure is shown in Fig. 1 . The nanodots are modeled as cylinders with a diameter d=50nm and a height h=40nm. The spacing between the nanodots and Au film is a SiO 2 cylinder of the same diameter as that of the nanodots. The dielectric permittivity of Au is taken from the data of Johnson and Christy 36 . The sensor is immerged in a water background (n b =1.333) and is excited via total internal reflection of a TM polarized planewave in the Kretschmann configuration. We chose this form of excitation as we wish to excite SPP waves in the same manner as a conventional SPR sensor in order to maintain a high total integrated sensitivity. The addition of Au nanodots directly above the Au surface provides a means to confine the evanescent SPP field directly on the sensor surface, particularly right in the vicinity of the nanodots [37] [38] [39] [40] , rather than having it extend hundreds of nanometers above the surface. Due to limitations in fabrication, as will be seen in section 4, the nanodots are additionally modeled as essentially half domes (Fig. 2) . The simulation method used in this study is based on the Surface Integral Equation (SIE) technique, extended for use in periodic structures 41 . It is particularly well suited as it allows for simulations of multilayer structures and only requires a meshing of the surfaces and an initial calculation of the surface currents, which can then be used to calculate the field arbitrarily close to or far away from the structure at a rapid pace.
NUMERICAL RESULTS

Ideal Geometry
The chosen sensor geometry of Au nanodots above a Au film provides for high field confinement in the gap between the nanodots and film, particularly for very small nanodot film spacings of s < 10nm. This is not ideal as it is this region that is filled with a SiO 2 spacer and is thus inaccessible for sensing. Additionally such small spacings, provide very high levels of coupling between the nanodots and film, resulting in an anticrossing of the SPP dispersion and large redshifts in the resonances of interest [37] [38] [39] [42] [43] [44] [45] . These redshifts become even greater when the background is realistically modeled as water rather than air. What is needed is an optimal nanodot-film spacing that provides for a high field confinement on the nanodot surface rather than solely in the gap and which doesn't result in such significant redshifts of the resonance wavelength. It was found through numerical simulations that a spacing s=20nm provides for an optimal level of field confinement on the nanodot surface, without compensating too much the high levels of localized field enhancement. We show in Fig. 3 the calculated reflection spectra of such a structure for angles of incidence 65-85°. As can be seen the reduced level of coupling does not produce an anticrossing, rather, the SPP dispersion curve is just redshifted from the case of a plain Au film (Fig. 4) . Additionally, the electric field profile shown in Fig. 5 for a cross section in the x-z plane cutting directly through the center of the nanodot shows not only high field enhancement in the gap between the nanodot and film, but also on the nanodot surface, particularly at the corners. fig. 1 depicting the SPP dispersion. Note, the discrete jumps in the reflection spectra are solely due to the fact that simulations are only performed at 5˚ increments due to the constraint in simulation time. The data is smooth nonetheless as a result of interpolation. As a benchmark we compare the sensitivity of this sensor to that of a traditional SPR sensor, ie. a plain Au film of t=50nm thickness on top of an SiO 2 substrate, all submerged in a water background. Note, although high bulk sensitivity is not the aim of this hybrid sensor, it is still a good measure in determining how well the total integrated sensitivity is conserved in comparison to a conventional SPR sensor. To this end we compare the shift of the SPP resonant dip for the case of a conventional SPR sensor and our hybrid sensor when the background index is altered slightly from n b =1.333 to n b =1.34 with a fixed angle of incidence. Note, unless otherwise noted, all numerical simulations for the hybrid sensor are for incidence angles of 70° and 75°. Additionally, the base point of comparison for a plain Au film is taken such that the angles of incidence correspond to the same resonance wavelengths as that of the hybrid structure for a water background with n b =1.333. A comparison of the results, summarized in table 1, shows that the average wavelength shift = Δλ, Δλ/Δn, and FOM=Δλ/Δn*FWHM 26 of the hybrid sensor are about half of that for a plain Au film sensor. This is expected since the nanodots will induce some level of scattering loss, while a plain Au film will not. Having established that the proposed hybrid sensor retains to quite a significant level the total integrated sensitivity, we explore now its surface sensitivity and compare it to the case of the plain Au film. For this we simulate the case where a 3nm thick layer of material with refractive index n l =1.34 has been added to the sensor surface with n b =1.333. Because of drastic increases in computation time, we simulate for the case of the hybrid sensor a 3nm thick layer covering just the cylinder, rather than the whole sensor surface. For the Au film the whole surface is covered with the 3nm layer. The results, summarized in table 2, show the superiority of the hybrid sensor over the plain Au film. By just adding this 3nm layer on top of the cylinders, we are able to induce a Δλ/Δn shift of 2286nm/RIU and 1143nm/RIU for incidence angles of 70° and 75° respectively, while for the plain Au film we obtain values of just 143nm/RIU and 114nm/RIU. 
Realistic Geometry
For reasons given in section 4, it is more realistic to model the nanodots as half-domes shown in Fig. 2 , rather than as perfect cylinders shown in fig. 1 . Exploring both the bulk and surface sensitivity of such a structure in the exact same manner as that of the sensor structure in section 3.1, we arrive at the results shown in table 3 and table 4. As can be seen, these results suggest that the half-dome geometry allows for essentially the same level of bulk sensitivity, but for a much improved level of surface sensitivity over that of an ideal cylindrical geometry. In the best case, at a resonance of λ=788nm, the hybrid sensor is able to retain 56% of the total integrated sensitivity of a plain Au film sensor by achieving a FOM=41.5 with just a 3nm thick sensing region on the nanodot surface, while the plain Au film displays a bulk FOM=74. The reason for this can be seen in fig. 6 where we plot the electric field profile for a cross section in the x-z plane cutting directly through the center of the half-dome. In comparison to the case of a cylinder, Fig. 5 , the field localization falls mostly along top of the half-dome, rather than at the corners and in the gap between the nanodot and film and is also of a much stronger magnitude. Table 3 . A comparison of the sensitivity of the half-dome shaped hybrid sensor to that of a plain Au film for a bulk change in the background refractive index. Figure 6 . Electric field profile at 70˚ incidence for a cross section in the x-z plane cutting through the center of the halfdome nanodot. Arrows depict the electric field orientation and the color scale shows the field magnitude.
Resonance
FABRICATION
The fabrication of this hybrid biosensor was carried out as follows. First, a 3nm adhesion layer of Cr was evaporated onto a glass substrate, followed directly by a 50nm layer of Au. The patterning of the nanodots was then accomplished through a specialized ebeam, evaporation, and lift-off process. This involved a combination of the standard MMA-PMMA lift-process, but with an additional step for an added HSQ resist layer. This combination was chosen since MMA and PMMA are positive resists, while HSQ is a negative resist. With an ebeam exposure the written sections of MMA-PMMA are etched away, while the written sections HSQ are not. We start with a spin coating of three resist layers in the order HSQ, MMA, PMMA. Following this we perform an ebeam write and development of the MMA-PMMA layers, thereby resulting in open regions in which the Au nanodots can be deposited. Next we evaporate a 2nm Ti adhesion layer, followed directly by a 40nm layer of Au and subsequently a lift-off of the MMA-PMMA layers, leaving behind Au nanodots on the HSQ layer. As a finishing step, the HSQ layer is developed and a final liftoff step is completed resulting in the final structure depicted in section 2. Note, HSQ was chosen as a spacer layer since it transforms into SiO 2 after exposure and development and also because it provides much better adhesion of the Au nanodots than a simple evaporation of SiO 2 between the Au layers would.
In order to produce very large scale arrays of these structures (on the order of 2mm
2 ) we use a simple, but effective ebeam write method. Since each nanadot is circular in shape when viewed directly above, a single ebeam pixel can be used to write a single nanodot. With this we are able to pattern a 1mm 2 array of such structures in just three minutes. Subsequent SEM scans of the structure array show very good results in terms of nanodot size, periodicity, and large scale uniformity (Fig. 7) . As can been seen from the SEM images, the nanodots end up being half domed in shape, rather than cylindrical. This is due to not only the surface tension of Au, but also to the fact that at these small scales its crystalline nature does not allow for the sharp edges of the perfect cylindrical structure. 
CONCLUSION
We have investigated a hybrid plasmonic biosensor composed of a 2D array of Au nanodots coupled to a Au film, which captures both the advantages of SPR and LSPR sensing. Optical excitation via the Kretschmann configuration and a 20nm spacing between the Au nanodots and Au film allows for the nanodots to localize the optical field directly at the sensor surface, without inducing much more than a redshift in the SPP dispersion. With this the sensor is able to retain to a notable degree the total integrated sensitivity of an ideal SPR sensor, while displaying the surface sensitivity of an LSPR sensor. In particular, numerical simulations show that the half-dome shaped nanodots obtained via fabrication achieve up to 56% of the total integrated sensitivity of a plain Au film sensor with just a 3nm sensing layer on the nanodot surface.
